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ABSTRACT 
Decreases in soil pH in agricultural soils can affect plant nutrient availability and crop yield. For 
soils possessing high levels of calcareous minerals, such as those found throughout much of the 
Northern Great Plains, decreases in soil pH can also enhance C loss to the atmosphere due to 
acid decomposition of CaC03. We evaluated changes in soil pH over a 16 yr period for a long-
term cropping systems experiment established on calcareous parent material near Mandan, ND. 
Management variables included in the experiment were crop sequence [spring wheat-fallow 
(SW-F) and spring wheat-winter wheat-sunflower (SW-WW-SF)], tillage (conventional, 
minimum, no-till), and N fertilization (0, 22, and 45 kg N ha-1 for SW-F and 34, 67, and 101 kg 
N ha-1 for SW-WW-SF). Management effects on soil pH were modest over the 16 yr period. 
Nitrogen fertilization resulted in acidification, with decreases in soil pH greatest in the HIGH N 
treatment (-0.67), followed by the MED (-0.33) and LOW (-0.15) N treatments. While soil 
acidification did occur, it was limited to the surface 7.6 cm where pH values were less than 7.2. 
Consequently, C loss by acid decomposition of CaC03 was highly unlikely in this long-term 
cropping systems experiment. Below 15.2 cm, soil pH increased over the 16 yr period. The 
exact mechanism for the increase is unknown, though may be the result cations leaching from the 
acidified 0-7.6 cm depth to lower depths. Further evaluation into exchangeable cations levels is 
necessary to better understand the observed trends in soil pH over depths. 
INTRODUCTION 
Cropping practices in the Northern Great Plains are increasingly characterized by systems 
with greater cropping intensity under no-till management. In contrast to traditional clean-till 
wheat-fallow systems, no-till reduced fallow systems are known to improve water-use efficiency 
and reduce soil erosion, thereby increasing the sustainability of cropping practices in the region 
(Peterson et aI., 1996). However, long-term use of these systems can alter the chemistry of soils, 
most notably by decreasing surface soil pH. Nitrogen fertilization, for example, has long been 
known to result in soil acidification. Tillage can also affect soil pH, with no-till generally 
resulting in lower pH levels over time as compared to minimum and conventional tillage (Dick, 
1983). Through their impact on soil pH, these management practices can affect plant nutrient 
availability and crop yield (Follett and Peterson, 1988). 
In addition to affecting crop production, soil acidification can also impact environmental 
quality. Many soils throughout the Northern Great Plains are rich in CaC03, resulting in soil pH 
levels near neutral or slightly alkaline in the surface horizons. As a result, these soils possess a 
built-in buffer against soil acidification (Bowman and Halvorson, 1998). However, acidification 
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of calcareous soils can result in C loss to the atmosphere as C02 (2H+ + CaC03 ~ Ca2+ + H20 + 
C02), thereby increasing agriculture's impact on global change (Suarez, 2000). 
Potential C loss by soil acidification has not been thoroughly evaluated in long-term 
cropping system experiments in the Northern Great Plains. One such experiment was established 
in 1984 near Mandan, ND on calcareous parent material. Presented with this unique opportunity, 
we sought to conduct a screening evaluation to determine management effects on soil pH from 
the beginning of the experiment to 1999. These results could then be used to efficiently direct 
future evaluations concerning the effects of management on CaC03 levels in Northern Great 
Plains soils. 
MATERIALS AND METHODS 
A long-term cropping systems experiment was established in 1984 approximately 6 km 
southwest of Mandan, ND in Morton County (460 46' 22" N, 100° 57' 09" W). The site is on 
gently rolling uplands (0-3% slope) with a silty loess mantle overlying till. The predominant soil 
at the site is a Wilton silt loam (fine-silty, mixed, superactive frigid Pachic Haplustoll). 
Management variables included in the experiment were crop sequence [spring wheat-fallow 
(SW-F) and spring wheat-winter wheat-sunflower (SW-WW-SF)), tillage (conventional, 
minimum, no-till), and N fertilization (0, 22, and 45 kg N ha- I for SW-F and 34, 67, and 101 kg 
N ha-1 for SW -WW -SF). Nitrogen was applied as a broadcast application of NH4N03 in the 
spring of each crop year. Each phase of both crop sequences were present every year and 
treatment combinations were replicated three times. The experiment occupied approximately 26 
ha with individual plots 24.4 by 45.7 m in size; 
Soil samples were collected in the fall of 1983 prior to establishment of treatments using 
a 3.5 cm (i.d.) hydraulic probe. Samples were collected to a depth of 60.9 cm in increments of 0-
7.6, 7.6-15.2, 15.2-30.5, 30.5-45.7, and 45.7-60.9 cm in the middle of each plot. Samples were 
dried, ground to pass a 2.0 mm sieve, and archived for future use. In the fall of 1999, soil 
samples were collected and processed in the same manner to investigate changes in soil chemical 
properties over 16 years. Samples from 1983 and 1999 were analyzed for soil pH following the 
method of Eckert (1988) using a 1: 1 soil-water mixture. Results for each sampling, plus the 
difference in pH between samplings, were analyzed by depth. Orthogonal comparisons were 
used to evaluate treatment effects on soil pH at P<O.1 (SAS Institute, 1990). 
RESULTS AND DISCUSSION 
Soil pH values at the beginning of the experiment averaged 6.48, 6.40, 6.70, 7.18, and 
7.65 for the 0-7.6, 7.6-15.2, 15.2-30.5, 30.5-45.7, and 45.7-60.9 cm depths, respectively. 
Assuming soil pH values >7.2 indicate presence of CaC03, none was evident in the surface 30.5 
cm (Loeppert and Suarez, 1996). Plots assigned to the SW-WW-SF crop sequence possessed 
significantly higher soil pH than the SW-F crop sequence at the beginning of the experiment for 
the 0-7.6 and 7.6-15.2 cm depths. Absolute differences in soil pH between crop sequences, 
however, were small. Soil pH in plots assigned to the SW-WW-SF sequence was 6.53 and 6.44 
for the 0-7.6 and 7.6-15.2 cm depths, whereas it was 6.44 and 6.37 for the same depths in the 
SW -F sequence. 
Soil pH varied little between treatments in 1999 (Table 1). The SW-WW-SF crop 
sequence possessed lower soil pH than the SW-F crop sequence, while the LOW N fertilization 
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treatment possessed higher soil pH than the MED and HIGH N fertilization treatments. 
Treatment effects on soil pH were primarily limited to 0-7.6 cm; only crop sequence was 
significantly different below 7.6 cm. With the exception of plots assigned to the HIGH N 
fertilization treatments, pH values in 1999 fell between 6.0 and 7.5 in the surface 30.5 cm, and 
were therefore optimal for crop growth and soil microbial activity (Smith and Doran, 1996). 
Crop sequence, tillage, and N fertilization treatments had a minor effect on soil pH over 
the course of the experiment (Table 2). Soil pH declined more in SW-WW-SF (-0.44) than in 
SW-F (-0.30) from 1983 to 1999 for the 0-7.6 cm depth. The difference in pH change between 
crop sequences was presumably driven by N fertilization, as SW-WW-SF received N every year, 
while SW -F received N only during cropped years. Accordingly, average decreases in soil pH 
were greatest in the HIGH N fertilization treatment (-0.67), followed by the MED (-0.33) and 
LOW (-0.15) N fertilization treatments. 
While decreases in soil pH were prevalent from 1983 to 1999 in the surface 7.6 cm, this 
trend was not consistent at lower depths (Table 3). Soil pH remained essentially unchanged at 
7.6-15.2 cm, but increased significantly at 15.2-30.5 cm from 1983 to 1999. Below 30.5 cm, soil 
pH was not different between years, though there was a trend for higher soil pH in 1999. 
Explanations for the higher pH values at the lower depths over time vary, but include a) 
loss of soil by wind erosion, thereby reducing the depth to carbonates, b) an increase in the water 
table resulting in the deposit of cations up to 15.2 cm, or c) leaching of cations from the acidified 
0-7.6 cm depth to lower depths. Assuming conventional tillage would enhance soil loss by wind 
erosion and reduce the depth to carbonates the most, one might expect to observe a strong tillage 
effect with respect to pH differences at 15.2-30.5 cm. Data in Table 4 do not confirm such an 
effect, as increases in pH occurred in all tillage systems within the SW -WW -SF crop sequence 
(with the same trend in SW -F, data not shown). Deposit of cations from 'wicking-up' 
phenomena is unlikely given the gravelly composition of the subsoil. Consequently, leaching of 
cations from the surface 7.6 cm depth may be the remaining explanation for the pH increase 
below 15.2 cm. Evaluation of exchangeable cation levels will be necessary to determine if this 
mechanism is responsible for the observed trends in soil pH over depths. 
CONCLUSION 
Results from this evaluation indicate C loss by acid decomposition of CaC03 is highly 
unlikely in this long-term cropping systems study. While soil acidification did occur from N 
fertilization over the 16 yr time period, it was limited to the surface 7.6 cm where pH values 
were less than 7.2. Soil pH increased below 15.2 cm from 1983 to 1999, though the exact 
mechanism for the increase is unknown. It is interesting to speculate that if surface acidification 
has enhanced movement of cations to lower depths, deposits of those cations may result in 
formation of CaC03, thereby resulting in C sequestration. 
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Table 1. Summary of P-values for comparisons of soil pH in 1999 within crop sequence, tillage, 
and N fertilization treatments. Mean values of soil pH at 0-7.6 cm are presented for comparisons 
with significant treatment effects. 
Comparison t 
Crop sequence 
SW-F vs. SW-WW-SF 
Tillage 
Cony vs. Min 
Min vs. NT 
N fertilization 
Low vs. Med 
Med vs. High 
- - - - - - - - - - - - - - - - - - - - Depth (cm) - - - - - - - - - - - - - - - - - - - -
0-7.6 7.6-15.2 15.2-30.5 30.5-45.7 45.7-60.9 
<0.01 <0.01 NS+ NS NS 
NS NS NS NS NS 
NS NS NS NS NS 
<0.01 NS NS NS NS 
NS NS NS NS NS 
; Crop sequence: SW-F = spring wheat-fallow, SW-WW-SF = spring wheat-winter wheal-sunflower. Tillage: Cony 
= Conventional, Min = Minimum, NT = No-till. N fertilization: Low, Med, and High = 0, 22, and 45 kg N ha,l for 
SW-F and 34, 67, and 101 kg N ha,l for SW-WW-SF, respectively. 
t NS = Comparison not significantly different at P<O.l. 
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Table 1. Cont'd. 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0-7.6 cm - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
CroQ seguence Soil QH N fertilization Soil pH 
SW-F 6.23 LOW 6.31 
SW-WW-SF 6.00 MED 6.11 
HIGH 5.86 
Table 2. Summary of P-values for comparisons of soil pH change from 1983 to 1999 within 
crop sequence, tillage, and N fertilization treatments. Mean values of soil pH change at 0-7.6 cm 
are presented for comparisons with significant treatment effects. 
- - - - - - - - - - - - - - - - - - - - Depth (cm) - - - - - - - - - - - - - - - - - - - -
ComQarison t 0-7.6 7.6-15.2 15.2-30.5 30.5-45.7 45.7-60.9 
Crop sequence 
SW-F vs. SW-WW-SF 
Tillage 
Cony vs. Min 
Min vs. NT 
N fertilization 
Low vs. Med 






NS+ NS NS NS 
NS NS NS NS 
NS NS NS NS 
NS NS NS NS 
NS NS NS NS 
t Crop sequence: SW-F = spring wheat-fallow, SW-WW-SF = spring wheat-winter wheat-sunt1ower. Tillage: Cony 
= Conventional, Min = Minimum, NT = No-till. N fertilization: Low, Med, and High = 0, 22, and 45 kg N ha- I for 
SW-F and 34, 67, and 101 kg N ha- I for SW-WW-SF, respectively. 
=;: NS = Comparison not significantly different at P<O.I. 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0-7.6 cm - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
CroQ seguence L1 Soil pH N fertilization L1 Soil pH 
SW-F -0.30 LOW -0.15 
SW-WW-SF -0.44 MED -0.33 
HIGH -0.67 
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Table 3. Mean values for soil pH across treatments in 1983 and 1999 by depth. 
- - - - - - - - Soil pH - - - - - - - -
Depth (cm) 1983 1999 Soil pH change P-value 
0-7.6 6.48 6.09 -0.39 <0.01 
7.6-15.2 6.40 6.41 0.01 NS' 
15.2-30.5 6.70 6.84 0.14 0.03 
30.5-45.7 7.18 7.31 0.13 NS 
45.7-60.9 7.65 7.74 0.09 NS 
T NS = Comparison not significantly different at P<O.I. 
Table 4. Mean values of soil pH in 1983 and 1999 for individual treatments within the SW-
WW -SF crop sequence. 
Tillage/N -rate-r Year 
- - - - - - - - - - - - - - - - - - - - Depth (cm) - - - - - - - - - - - - - - - - - - - -
0-7.6 7.6-15.2 15.2-30.5 30.5-45.7 45.7-60.9 
Conv/Low 1983 6.45 6.41 6.74 7.21 7.72 
1999 6.25 6.36 6.89 7.42 7.85 
ConvlMed 1983 6.46 6.35 6.66 7.31 7.86 
1999 6.07 6.58 7.21 7.66 7.90 
Conv/High 1983 6.55 6.45 6.72 7.28 7.73 
1999 5.77 6.49 6.95 7.55 7.88 
Min/Low 1983 6.41 6.26 6.55 7.03 7.43 
1999 6.19 6.43 6.88 7.24 7.63 
MinlMed 1983 6.33 6.37 6.55 6.89 7.46 
1999 6.10 6.39 6.77 7.15 7.58 
MinlHigh 1983 6.41 6.40 6.73 7.24 7.31 
1999 5.69 6.31 6.87 7.29 7.57 
NT/Low 1983 6.43 6.34 6.65 7.19 7.76 
1999 6.22 6.43 6.88 7.14 7.62 
NTlMed 1983 6.43 6.33 6.75 7.20 7.74 
1999 6.00 6.39 6.78 7.07 7.58 
NTlHigh 1983 6.52 6.43 6.77 7.15 7.53 
1999 5.73 6.33 6.72 7.37 7.84 
+ Tillage: Con v = Conventional, Min = Minimum, NT = No-till. N fertilization: Low, Med, and High = 34, 67. and 
101 kg N ha-1, respectively. 
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